Background. Congenital anomalies of the kidneys and urinary tract (CAKUT) are frequently associated with malformations of other organs. Methods. In order to explore the role of DNA microimbalances in syndromal CAKUT, we applied genome-wide array-based comparative genomic hybridization (array-CGH) in 30 children with various CAKUT phenotypes and at least one additional extrarenal symptom. Results. In three patients, causal imbalances were detected: In one patient with duplex kidney and vesico-ureteral reflux associated with extrarenal stigmata, a terminal 9.52 Mb gain in chromosomal band 2q37.1-q37.3 and a terminal 5.65 Mb loss in 7q36.2-q36.3 were detected, which were due to an unbalanced 2;7-translocation according to FISH analysis. A balanced 2;7-translocation was present in the unaffected mother. In another patient presenting with renal hypoplasia and proximal ureteric stenosis combined with mental retardation, macrocephaly and ear anomalies, a duplication of 2.73 Mb was detected in 1q21.1. The unaffected father had a 1.3 Mb gain in 1q21.1-q21.2 involving the distal part of the patient's gain, for which benign copy number variation was described. A third patient affected by dysplastic kidney with a strongly dilated ureter and extrarenal abnormalities exhibited a de novo loss of 13.38 Mb in 3q23-q25.1 including the AGTR1 gene. However, no AGTR1 mutations were identified in the remaining allele of this case or in 108 patients with isolated renal dysplasia/hypoplasia. Conclusions. In this study, 10% of patients with syndromic CAKUT were shown to carry DNA microimbalances, and four chromosomal regions presumably associated with the CAKUT phenotype were identified: 1q21.1, 2q37.1-q37.3, 3q23-q25.1 and 7q36.2-q36.3.
Introduction
Congenital abnormalities of the kidneys and urinary tract (CAKUT) are among the most common malformations in humans and include kidney hypoplasia and agenesis, cystic and/or dysplastic kidneys, multicystic-dysplastic kidneys, anomalies of the ureters and doubling malformations, bladder and/or urogenital anomalies [1] . CAKUT disorders constitute the major cause of chronic renal failure in infants and young children. Associated malformations of other organ systems occur in 10-15% of affected individuals.
In recent years, the molecular pathogenesis of these disorders has begun to be unravelled. Mutations in a growing list of genes involved in kidney development are associated with variable CAKUT phenotypes in humans, e.g. PAX2, EYA1, TCF2, SIX1, SIX2, SIX5, BMP4, UPIIIA, and in genes in the renin-angiotensin system [2] [3] [4] [5] [6] [7] [8] [9] [10] . Dominant, recessive and polygenic modes of inheritance have been reported. However, in the majority of cases, CAKUT occur sporadically, and the aetiology of maldevelopment remains unexplained.
A possible strategy to identify novel critical regions for a disease phenotype is to screen for DNA copy number variation throughout the genome using array-based comparative genomic hybridization (array-CGH) [11, 12] . Advantages of array-CGH include the applicability in sporadic cases and the potential to identify critical intervals as small as 500 kb containing a single gene [13] . Using array-CGH is particularly promising in children exhibiting syndromal phenotypes, in whom microdeletions or microduplications affecting more than a single gene are a likely cause. The likelihood for such chromosomal imbalances has been demonstrated to correlate with the cumulative number of certain clinical features (e.g. mental retardation, facial and non-facial dysmorphisms, organ malformations, growth abnormalities) [14, 15] .
In this study, we systematically assessed the prevalence of DNA copy number variation in syndromal CAKUT by applying array-CGH in 30 children with malformations of the kidney and/or the urinary tract combined with at least one relevant extrarenal symptom. In three of these 30 patients, presumably causative DNA microimbalances were detected that defined critical intervals harbouring possible diseasecausing genes. One of the candidate genes identified was the AGTR1 gene located at 3q24, which was heterozygously deleted in one patient with renal dysplasia in whom a loss in 3q23-q25.1 was found. AGTR1 encodes the type-1 angiotensin II receptor, and recessive mutations in AGTR1 have been reported in fetuses with renal tubular dysgenesis [9] . We, therefore, went on to analyse 108 patients with isolated kidney hypo/dysplasia for mutations in AGTR1.
Materials and methods

Patients
The study was approved by the ethics committee of the Medical Faculties of the Universities of Heidelberg and Rostock, Germany, and informed consent for genetic screening was obtained from the patients and/or parents.
Thirty children with a CAKUT phenotype and at least one significant extrarenal symptom were analysed by array-CGH. The patients presented with one or more of the following CAKUT phenotypes: kidney agenesis (6 patients), kidney hypoplasia (6), dysplastic kidneys (14) , medullary cystic kidney disease (4), duplex kidney (1) or horseshoe kidneys (2) . Thirteen patients showed ureteral anomalies: proximal ureter stenosis (3), megaureter/hydronephrosis (9) or ureterocele (2). Posterior urethral valves or urethral atresia were identified in 3 patients, hypospadia or penile agenesis in 2 patients, cryptorchidism in 5 patients, uterus/vagina duplex in 2 patients and persistent cloacae in 3 patients. The following extrarenal anomalies were detected: mental retardation (12 patients), speech disorder (2), microcephaly (9), macrocephaly (1), structural anomalies of the brain (3), ear abnormalities (6), eye anomalies (7), facial dysmorphism (5), cardiac (6), gastrointestinal (10), skeletal (12) , endocrine (4) and skin pigmentation (2) anomalies.
To screen for mutations in the AGTR1 gene, we analysed 108 patients with kidney hypo/dysplasia.
Nucleic acid extraction and array-CGH
For array-CGH analyses, test and reference DNA were extracted from peripheral blood of patients and normal individuals according to standard procedures [16] .
Array-CGH was done using genomic DNA microarrays with 8000 large insert clones (8 k array) or 10 000 large insert clones (10 k array) providing an average resolution of better than 0.5 Mb. The 8 k array contained the Sanger Centre 1 Mb clone set covering the genome at an average resolution of ∼1 Mb [17] and 5000 gene-and region-specific BAC clones [18] . The 10 k array contained 2000 additional large insert clones. Array assembly, hybridization and analysis were essentially performed as described [18, 19] . Reference DNA pools were generated from 10 healthy women and 10 healthy men. Hybridizations were sex matched. Array-CGH data was processed using the ChipYard framework (URL: http://www.dkfz. de/genetics/ChipYard/).
Every array clone was checked against databases of known genomic variants (e.g. http://projects.tcag.ca/variation/). Clones with ratios outside the diagnostic thresholds not included in the databases were considered possible microimbalances, and fluorescence in situ hybridisation (FISH) confirmation experiments to patients' metaphase chromosomes were performed. FISH analyses did not confirm the possible microimbalances detected in 27 patients, indicating that these were most likely array artefacts, hybridization artefacts or microimbalances below the FISH resolution level.
To fine map chromosomal microimbalances, NimbleGen chromosomespecific catalogue oligonucleotide microarrays were used comprising 385 000 oligonucleotide probes (Roche NimbleGen Systems, Madison, WI, USA). DNA labelling, array hybridization, post-hybridization washes and scanning were essentially performed according to the manufacturer's instructions, analysed using NimbleScan V2.4 extraction software and visualized in SignalMap V1.9 on a log 2 scale (Roche NimbleGen, Madison, WI, USA). Averaging windows with an average of 50 probes were used for breakpoint determination. The map used to determine the probes' genomic positions was Genome Browser Assembly hg18 (http://www.ucsc.org).
Fluorescence in situ hybridization
BAC/PAC DNA was labelled with biotin-dCTP (Invitrogen, Karlsruhe, Germany) or digoxigenin-11-dUTP (Roche Diagnostics, Mannheim, Germany) and was detected with avidin-FITC or tetramethylrhodamine isothiocyanate-labelled antibodies, respectively, according to standard protocols.
Mutation analysis of AGTR1
We elucidated the genomic structure of AGTR1 using a human cDNA sequence from GenBank (NM_031850). The coding exon was amplified by standard PCR on genomic DNA and directly sequenced in patient HD24 and 108 patients with kidney hypo/dysplasia. The sequences were compared with the GenBank entry NM_031850.
Results
Clinical data, array-CGH and FISH analyses in syndromal CAKUT patients
In three out of 30 patients with a CAKUT phenotype and at least one severe extrarenal symptom (Figure 1 ), presumably causative genomic microimbalances were identified and fine mapped by array-CGH and confirmed by FISH analysis (diagnostic yield 10%).
Patient HRO1. This 13-month-old girl is the third child of healthy German parents of Caucasian origin and was delivered at 39 weeks of gestational age. In the late pregnancy, microcephaly and a dilated left renal pelvis were suspected. Birth weight was 2770 g (10-15th pct.), length was 44 cm (<3rd pct.), and head circumference was 31 cm (<3rd pct.). Abdominal ultrasound followed by voiding cystourethrogram revealed a left duplex kidney with vesicoureteral reflux V°(upper pole) and II°(lower pole). The right kidney was unremarkable, and a 99m Tc-MAG3 scintigraphy and blood chemistry showed a normal renal function. At the age of 11 months, a ureterocystostomy of both left ureters was performed. At the age of 13 months, the girl presented with mild psychomotor retardation and various dysmorphic features.
Array-CGH detected a gain in chromosomal band 2q37 from BAC clone RP11-512N9 (233.43-233.63 Mb) and extending to the telomere, combined with a loss in 7q36 from clone RP5-912I13 (154.85-155.02 Mb) and extending to the telomere (Figure 2A -C, E), due to an unbalanced translocation der(7)t(2;7)(q37;q36) according to FISH analysis. Fine mapping by array-CGH to oligonucleotide arrays showed that this unbalanced translocation causes a trisomy of 9.516 Mb in chromosomal bands 2q37.1 to 2q37. (153 170 157-158 821 424 bp) ( Figure 2D and F) . The gene content of the duplicated and deleted region is given in Table 1S . FISH analysis in the patient's mother detected the 2;7-translocation in a balanced form. Thus, the unbalanced translocation in patient HRO1 was inherited from the clinically unaffected mother carrying a balanced translocation.
Patient HD16. In this 9-year-old male patient, obstructive uropathy was detected by prenatal ultrasound. He was born in week 39 of gestation with a weight of 3690 g (75th pct.), a length of 51 cm (25th pct.) and macrocephaly (head circumference of 38.5 cm: 1 cm > 97th pct.). Postnatal ultrasound showed a unilateral proximal stenosis of the ureter and a right-sided hypoplastic kidney (<3rd pct.). The left kidney had a normal size (50th pct.) and structure. In addition, unilateral microtia, atresia of the auditory canal, multiple hypopigmented skin lesions, and later expressive speech disorder and mild mental retardation were noticed. After 1 year, the proximal ureteral stenosis was surgically corrected. Renal ultrasound was regularly performed to monitor the hypoplastic kidney and showed a moderate catch-up growth. Renal function has remained normal until the last examination at age 9 years.
Array-CGH detected a gain in 1q21.1 involving clones RP11-337C18 (145.07-145.27 Mb) to RP11-1148E18 (147.48-147.65 Mb), which was fine mapped to be 2.73 Mb (144.925-147.652 Mb) in size ( Figure 3A , B and F; gene content in Table 1S ). A duplication of clone RP11-433J22 in 1q21.1 was confirmed in the patient by interphase FISH and not detected in the patient's parents ( Figure 3D ).
However, array-CGH analysis in the patient's father identified a gain of 1.3 ± 0.28 Mb in 1q21.1-q21.2 from clones RP11-744H18 (147.27-147.38 Mb) to RP11-125H17 (148.54-148.71 Mb) ( Figure 3C ), involving the distal part of the patient's gain. The duplicated region shared by the patient and his father was verified by interphase FISH using clone RP11-744H18 ( Figure 3E ). To assess whether the CNV in 1q21.1-q21.2 was associated with a phenotype in the father, clinical and renal ultrasound in- Table 1S ) was determined ( Figure 4C ). The deletion was confirmed by FISH analysis and shown to be de novo by FISH analyses of parental chromosomes ( Figure 4D ).
Mutation analysis of the AGTR1 gene in patients with isolated kidney hypo/dysplasia
We performed mutation analysis of the AGTR1 gene located at 3q24 in patient HD24 with renal dysplasia and loss in 3q23-q25.1 and 108 additional patients with isolated dysplastic or hypoplastic kidneys. However, no pathogenic alterations of AGTR1 were detected in the remaining gene copy of HD24 or in the other 108 patients.
Discussion
It was the aim of our study to assess the prevalence of pathogenic DNA copy number variation in patients with a CAKUT phenotype and to identify chromosomal regions harbouring genes involved in malformation of the kidneys and the urinary tract. We performed array-CGH in 30 selected CAKUT patients additionally presenting with extrarenal symptoms because these patients are most likely to carry microdeletions or microduplications detectable with this molecular cytogenetic technique. We identified four presumably causative chromosomal imbalances, i.e. two losses and two gains, in three patients out of 30, demonstrating a high diagnostic yield with this methodology in appropriately selected patient cohorts.
In one patient, a terminal gain of 9.52 Mb in chromosomal bands 2q37.1 to 2q37.3 (containing 82 coding RefSeq genes) and a terminal loss of 5.65 Mb in 7q36.2 to 7q36.3 (affecting 18 coding RefSeq genes) were detected and shown to result from an unbalanced 2;7-translocation inherited from a phenotypically unaffected mother carrying the translocation in a balanced form. As two imbalances were identified in the patient, it remains unclear whether the CAKUT phenotype of duplex kidney with vesico-ureteral reflux in this case is attributable to the one (partial trisomy of terminal 2q) or the other (partial monosomy of terminal 7q). Pure partial duplication of the long arm of chromosome 2 is relatively rare and was only identified in 27 cases [20] . Interestingly, the rate of major malformations in patients with duplication of distal 2q3 was found to be low, in particular no renal abnormalities were reported so far [20] [21] [22] [23] [24] [25] . Thus, there is little evidence that the terminal 2q gain is the genetic cause for the renal malformation observed in our patient. However, renal phenotypes, i.e. bilateral ectopic kidneys with double renal pelvis and dilated ureters, bilateral hydronephrosis, and a duplex kidney coupled with ureteric reflux, have been reported in four patients with deletion of distal 7q comprising bands 7q36-qter [26] [27] [28] . Thus, it is likely that the CAKUT phenotype in our patient is caused by the deletion of subbands 7q36.2 to 7q36.3. Recently, a phenotype including renal hypoplasia has been described for patients with a more proximal deletion in 7q36.1q36.2 implicating loss of the KCNH2 gene at 7q36.1 as causal [29] . The deletion we report is more distal and does not include KCNH2, indicating that another critical interval for CAKUT is located in the most distal 5.65 Mb of 7q comprising 18 coding RefSeq genes. Among these is the SHH gene at 7q36.3 encoding the human Sonic hedgehog homologue causing autosomal dominant holoprosencephaly-3 when mutated [30] . Immunohistochemical analysis showed the SHH protein to be expressed in distinct urinary tract epithelia in developing normal humans, in the urothelium of the nascent bladder and in kidney medullary collecting ducts [31] . In addition, renal hypoplasia was reported in two of 17 patients with SHH mutations [32] . Thus, haploinsufficiency of the SHH gene is a possible cause for the duplex kidney present in our patient suggesting that CAKUT may be an important clinical feature of holoprosencephaly-3, primarily considered a malformation of the developing forebrain and midface [33] . To further assess the frequency of congenital renal anomalies in holoprosencephaly-3, it would be of interest to systematically study the incidence of CAKUT in a large series of patients with holoprosencephaly associated with SHH mutations.
Interestingly, in our patient carrying a gain of 2q37.1-q37.3 in addition to the deletion in 7q, the duplication of the GPC1 gene in 2q37.3 may confer an additive effect with respect to CAKUT development. The GPC1 gene encodes glypican-1, a proteoglycan core protein. Proteoglycans have been identified as mediators of growth factor-receptor interactions and are major constituents of the extracellular milieu [34] ; thus, they are likely to regulate different stages of the branching process in a dose-dependent manner and play key roles in the development of the kidney. Furthermore, the expression of many proteoglycan core proteins such as glypican-1 was found to change during kidney development [35] . In addition, proteoglycans are thought to control distribution of hedgehog molecules during development [36] . Thus, the increase in copy number of a proteoglycan gene and the decrease in copy number of a hedgehog gene found in our patient may have a combined pathological effect on renal morphogenesis.
In a patient affected by proximal ureteral stenosis and renal hypoplasia associated with mental retardation, macrocephaly, microtia and atresia of the auditory canal, we identified a microduplication spanning 2.73 Mb at 1q21.1 (144.93-147.65 Mb). A new genomic disorder was recently described in patients with rearrangements of chromosomal band 1q21.1 with a critical region at 143.65-146.35 Mb [37, 38] . The phenotypic spectrum reported in affected in- Array-CGH and AGTR1 mutation analysis in CAKUT 141 dividuals with 1q21.1 microdeletion or microduplication included mental retardation, autism, abnormal head size, cardiac abnormalities, cataract and dysmorphic features. However, in the 26 patients with a microduplication at 1q21.1 reported so far, no renal phenotype was described. Thus, our case adds CAKUT to the clinical picture of 1q21.1 duplications. A part of the 1q21.1 microduplication detected here was also present in the patient's healthy father. However, since the 1q21.1 rearrangement in affected patients was inherited from a parent in most cases and many of the carrier parents were healthy [37, 38] , microimbalances in 1q21.1 seem to be associated with a variable phenotype. In our case, the duplication in the healthy father was smaller than in the patient and involved only the distal part of 1q21.1, a segmental duplication block commonly polymorphic in the general population [39, 40] . It can be speculated that the microimbalance was inherited from the father after expanding in paternal meiosis by nonallelic homologous recombination between different segmental duplication blocks of the 1q21.1 region. The critical 145-146 Mb region duplicated in our patient, but not in his healthy father, harbours 17 coding genes including PRKAB2, FM05, CHD1L, BCL9, ACP6, GJA5, GJA8 and GPR89B. Among these, CHD1L encoding a member of the chromodomain gene family seems to be an attractive candidate for malformation of the kidneys and the urinary tract when altered because it is related to the CHD7 gene mutated in CHARGE syndrome, the clinical spectrum of which includes renal anomalies [41] [42] [43] .
Furthermore, we identified 3q23-q25.1 as a critical region for renal dysplasia with hydronephrosis in another patient with a complex phenotype and de novo deletion of this chromosomal region, which contains 75 coding RefSeq genes. In the five other patients with a deletion of 3q23-q25 reported to date, no renal phenotype was described [44] [45] [46] [47] [48] . However, no renal ultrasound was performed in these cases so that subtle abnormalities of the kidneys or urinary tract may have been overlooked. Interestingly, the AGTR1 gene encoding the angiotensin receptor 1 (AT1) is located at 3q24, i.e. within the interval deleted in our patient. AT1 null mutant mice (Agtr1 −/−) present with marked hydronephrosis due to defective development of the urinary peristaltic machinery during the perinatal period [10, 49] , and compound heterozygous mutations of AGTR1 were reported in a fetus with severe renal malformation manifesting as renal tubular dysgenesis, which is often lethal in the perinatal period [9] . It, therefore, seems possible that haploinsufficiency of AGTR1 might be related to a milder, non-lethal phenotype such as the kidney dysplasia/ hydronephrosis phenotype diagnosed prenatally in our patient. To ascertain the heterozygous AGTR1 status in our patient, we analysed the remaining allele for mutations, but no pathogenic alterations were detected. Thus, the possibility remains that the CAKUT phenotype of our patient is caused by haploinsufficiency of AGTR1. To test the hypothesis that heterozygous AGTR1 mutations can cause renal hypo-/dysplasia, mutation analysis was performed in a cohort of 108 patients with isolated hypo-/dysplastic kidneys. However, no pathogenic alterations in AGTR1 were detected, indicating that if mutations exist within the AGTR1-gene in the selected collective of patients, their frequency is below 1%.
Conclusion
In summary, array-based CGH proves to be highly effective for the detection of DNA microimbalances in patients with CAKUT and additional extrarenal symptoms, which can be identified in approximately 10% of individuals. The findings obtained by array-CGH in this study allowed the mapping of four chromosomal regions critical for CAKUT phenotypes, i.e. 1q21.1, 2q37.1-q37.3, 3q23-q25.1 and 7q36.2-q36.3. Since no pathogenic mutations were found in the AGTR1 gene in patients with isolated kidney hypoor dysplasia, heterozygous alterations in this gene do not seem to be a common cause of CAKUT. Further studies involving patient cohorts with isolated phenotypes will delineate the role of the other candidate genes identified here in malformation of the kidneys and the urinary tract.
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